Abstract: A dual channel interleaved broadband subsampling photonic analog-to-digital converter (ADC) immune to channel mismatches capable for high-speed radar imaging is presented. Through modeling as a combination of photonic subsampling front-end and interleaved Nyquist sampling electronic ADC back-end, the mechanism of photonic interleaved subsampling of broadband signal and the appearance of spurious components caused by channel mismatches are explained. The effect of these spurious components on radar detecting is revealed. Through fractional Fourier domain filtering, the spurious components are eliminated, making the SNR of received X-band chirp signal (8-11.9 GHz) improved from 13.26 to 23.88 dB. Thanks to its downsampling and interleaved architecture, the demands of bandwidth, sampling rate, and storage depth for post electronics are all lowered, making it capable for high-speed and mass data receiving. In the experiment, inverse synthetic aperture radar imaging is performed characterized with range and cross range resolution of 4.9 and 7.9 cm. The false target due to the spurious component is distinguished through band-pass filtering in matched fractional Fourier domain.
Introduction
In order to adapt to the future complicated and variable detecting environment, the next generation radar is developing towards high frequency, ultra-wide bandwidth, agile and multifunction. As a bridge between analog and digital signals, analog-to-digital converter (ADC) is the key that determines the high-speed detecting performance of the radar. However, due to timing jitter and phase noise of the internal radio frequency (RF) oscillators, there exists aperture jitter at the level of several hundred femtoseconds in traditional electronic ADC (EADC), resulting in additional noise to the signal and limited effective number of bits (ENOB) [1] , [2] . It gets worse when it is in high frequency band. However, optical pulses have extremely narrow pulse width and low timing jitter with an order of magnitude lower than those in electronic ADCs [2] , [3] , making photonic ADC superior to its electronic counterparts especially in high frequency signal sampling. Besides, different from the traditional intermediate frequency (IF) down converting radar receivers [4] , photonic ADC works in sub-sampling mode which eliminates the dependence of priori knowledge about the carrier frequency. This process not only reduces the requirement for the sampling rate of the backend EADC but also remits the sampling jitter noise because of its down converting nature [5] . What is more, combining with the inherent advantages of high frequency, wide bandwidth, low loss and immune to electromagnetism [6] , photonic ADC provides a whole set of good solutions for high-speed sampling and processing of high frequency wideband signals.
Recently, by means of unique characteristics of photonics, several scaled sampling methods accomplished by paralleled architectures, including time interleaved [7] , [8] , time-wavelength interleaved [1] , [9] - [11] and so on, have been fully developed. These methods can further increase the sampling rate and detectible bandwidth of the photonic ADC, making the most of advantages of photonic ADC in high frequency and wide bandwidth signal sampling. However, several types of mismatches among multiple channels such as time, gain and offset can lead to spurious components in the spectrum, resulting in degraded ENOB [12] . An impressive way to compensate for multi-channel mismatches in single-tone photonic sampling is pioneered in [13] . In this approach, the amplitude and time mismatches are estimated and compensated according to the complex information of the spectrum of interleaved result. However, as for wideband signals, such as linear frequency modulated (LFM) signal, the spurious components and the desired signal can't be separated either in time or frequency domain. That makes interleaved sampling of LFM faces some challenges. In [14] , the interleaved Nyquist sampling LFM result is converted to a series of single tone signals via short time Fourier transform and compensated according to the algorithm in [13] , making the signal to distortion ratio (SDR) enhanced from 37 to 52 dB. However, the compensation process brings about high computation complexity, making it difficult for high-speed and complex targets radar detecting.
As a generalization of the Fourier transform, fractional Fourier transform (FRFT) has important applications in signal processing [15] - [18] . It transforms the signal to fractional Fourier domains through rotating the time-frequency plane by corresponding angles [15] , [17] . The signals with different chirp rates and original frequencies exhibit different characteristics in fractional Fourier domains. Thus FRFT is of great value in LFM signal parameter estimating, noise suppressing, multi-chirp separation and so on. According to our theoretical analysis, it is revealed that as for dual channel time interleaved photonic ADC, the spurious LFM components caused by channel mismatches have the opposite chirping rate to the desired interleaved result and it will cause false targets when radar detecting. However, through fractional Fourier domain filtering, the spurious components are eliminated and the false targets can be distinguished.
In this paper, a broadband dual channel time interleaved sub-sampling photonic ADC immune to channel mismatches applicable for radar imaging is demonstrated. Through modeling as a combination of photonic sub-sampling front-end and interleaved Nyquist sampling electronic ADC back-end, the mechanism of broadband photonic interleaved sub-sampling and the appearance of spurious broadband components due to channel mismatches are theoretically explained. Its effect on radar detecting are additionally analyzed. Through combing with fractional Fourier domain filtering, the broadband spurious components and widespread noise are eliminated, making the system immune to variable mismatches with improved signal to noise ratio (SNR). Thanks to its down-sampling and interleaved architecture, the demands of bandwidth, sampling rate and storage depth for post EADC are drastically lowered, making it capable for high-speed and mass data process in practical radar application. In the experiment, an inverse synthetic aperture radar (ISAR) is further constructed with our photonic ADC acting as a receiver, the range resolution of 4.9 cm and the cross-range resolution of 7.9 cm are obtained. The false target caused by the spurious component is distinguished through band-pass filtering in matched fractional Fourier domain. To our knowledge, this is the first successful demonstration of broadband interleaved photonic ADC used in high-speed and mass data ISAR imaging.
Principles of Operation
The principle diagram of photonic interleaved sub-sampling ADC is shown in Fig. 1 . Through cascaded intensity carving and quadratic phase introducing, phase chirped optical frequency combs with a repetition rate of f s /N at N equally spaced wavelengths are generated. Because of the dispersion effect of single mode fiber (SMF), the pulses are simultaneously compressed and delayed incrementally [19] , [20] . Thus the optical pulses are interleaved with the total sampling rate N-fold multiplied to f s . Then the pulses are injected to MZM to sample the input radio frequency signals and wavelength de-multiplexed to N paralleled low-rate channels, followed by tunable delay lines (TDL) physically compensating the channel length mismatches. Afterwards, the pulses in all channels are converted to electronic domain through photodetectors (PDs). The signals are amplified to match the input voltage range of EADC to fully utilize the electronic quantization bits and low pass filtered with bandwidth of B L PF (≥ f s /2N ) to limit the input bandwidth of noise [1] , [21] . Ultimately, the signals are sampled and digitized by N channels of EADC with the sampling rate of f s /N . Thanks to the time interleaved paralleled structure, the requirement of analog bandwidth and sampling rate for post electronics, including PDs, amplifiers (AMPs) and EADC, are all decreased, making it possible to be used in mass data processing radar scenarios.
Suppose that the intensity of the n-th channel optical sampling pulse train is given as
where I n (t) represent the intensity of the n-th channel optical pulse, P n is the amplitude, δ(·) is the Dirac function, N is the total number of interleaved channels,
is the temporal interval of interleaved optical pulses.
The transmittance of the MZM can be expressed as
where V π is the half-wave voltage of MZM, V b is the DC bias, y in (t) = V m cos(2πf 0 t + πkt 2 ) is the LFM signal to be sampled, whose amplitude is V m , pulse duration is T p , initial frequency is f 0 , chirping rate is k. Thus, when biased at the quadrature point and under the small signal condition, T M (t) can also be described as
is the modulation index and a =
is a scaling factor.
Thus after PD detection, the converted electronic domain signal i n (t) can be written as
with R n representing the responsivity of PD in n-th channel. Just considering the gain and time mismatches, after transmitting through the post electronics, the voltage signal of n-th channel before EADC sampling can be expressed as
with g n representing the link gain of n-th electronic post detecting channel, h (t) referring to its normalized impulse response including AMP boosting, LPF filtering, transmitting loss and so on, δt n representing the time skew due to the channel length mismatch, f n (t) is the transformed electronic signal before EADC sampling eliminating the time mismatch and its Fourier transform can be expressed as
where ], N B is the number of sub-Nyquist zones that the spectrum of input LFM signal covers and m 0 ≥ 0. Thus, constituting equation (3) to equation (6) , F n ( ) can be rewritten as
Considering that the second term in equation (7) can be eliminated through direct current blocking before sampled by EADC, thus equation (7) can be rewritten as
It can be seen that after photonic sub-sampling, the converted signal to be sampled by EADC in each channel is the summation of the spectrum of input signal Y in ( ) aliasing to the sub-Nyquist zones falling in the LPF pass band, which is set as [− ], as shown in Fig. 2(a) . Next, after the Nyquist sampling process in EADC, the interleaved result v(t) can be given as
and its Fourier domain expression is
As for a certain time window of the input signal, there has
where Thus constituting equation (11) to (10),
with
Therefore, according to equation (12) and (13), after EADC Nyquist sampling, the spectrum of interleaved signal is a summation of sub-Nyquist zone shifted copies of photonic sub-sampling result Y in ( + 
Thus, the spectrum of interleaved down-converted signal is rewritten as
which means Y in ( + 
N T s
)H ( ) will also be moved to the sub-Nyquist zones that dissatisfy m w0 − k = uN , u ∈ Z , leading to spurious components, as shown in Fig. 2(c) , taking dual channels (N B = 2) as example. As can be seen, when sampling in dual channel time interleaved architecture, spurious LFM components due to channel mismatches are featured as opposite chirping rate from that of the desired interleaved result.
When it comes to radar detecting, the opposite chirping components can cause false targets which are symmetry about half the operating range with the true targets in the range detecting result. Suppose that in a radar platform based on dual channel interleaved sub-sampling photonic ADC, the detected LFM signal varies from 8 GHz to 11.9 GHz with the pulse width of 3 us and the repetition rate of 200 kHz. The target is assumed to be 200 m away from the antenna. The reference signal is simulated as directly interleaved sampling result of the transmitted signal. The simulated range detecting results with the repetition rate of optical pulse train in both channels as 4 GHz under different mismatch conditions are shown in Fig. 3(a) and (b) . The mismatches between the dual channels are evaluated by the standard deviation of amplitude σ a = . The spurious components with chirping rate as −k will be projected as widespread noise. Thus, if applying band-pass filtering at u 0 in the suited fractional Fourier domain, spurious components can be eliminated, as shown in Fig. 4 . When it comes to radar detecting, the center frequency of the filter is self-adaptive according to the fractional Fourier domain spectrum peaks of the echoes.
Experiments and Results
In the experiment, a dual wavelength interleaved (N = 2) sub-sampling X band photonic ADC is constructed. The dual optical frequency combs with frequency interval of 4 GHz are centered at 1559.51 nm and 1562.25 nm respectively. Transmitting through the following 7.9 km single mode fiber (SMF), they are compressed and interleaved into 8 GHz repetition rate optical pulse train. The RF signal to be sampled is an X-band LFM whose frequency varies from 8 GHz to 11.9 GHz provided by an arbitrary waveform generator (AWG, Tektronix 70002A). It is sampled by optical pulses at the MZM (FTM7938EZ) with the bandwidth of 40 GHz. Instead of a wavelength division multiplex (WDM), the modulated optical pulses are wavelength de-multiplexed by an 1 × 2 optical coupler and two optical filters with 0.8 nm bandwidth. After physical delay adjustment provided by the tunable delay line (General Photonics VDL-001), the optical signal in each channel is detected by a PD (Discovery DSC-50S) with bandwidth of 12 GHz, amplified by a wideband low noise amplifier (Anritsu G3H84) and filtered by a 2 GHz bandwidth LPF. The converted signals are sampled and digitized by two channels of a real time oscillator (Agilent DSO81204B) and interleaved to 8 GSa/s. The oscillator, AWG and optical pulses are all frequency synchronized through the 10 MHz reference clock. Through sub-sampling and interleaving, the signal is down converted to 0-3.9 GHz (as shown in Fig. 5(a) and (b) ). However, there exists an image broadband component due to time and gain mismatches between channels. When transformed into the matched fractional Fourier domain, the desired interleaved signal is focused to a peak and the opposite chirping spurious component is transformed as widespread noise (as shown in Fig. 5(c) ). Thus, after filtering in fractional Fourier domain, the image broadband component and other widespread noise are eliminated, making the SNR improved from 13.26 dB to 23.88 dB (as shown in Fig. 5(d) and (e) ).
In order to further demonstrate the capability in radar detecting, we set up a radar platform with interleaved photonic ADC acting as the receiver, as shown in Fig. 6(a) . The transmitted signal is an LFM provided by AWG with a bandwidth of 3.9 GHz (8-11.9 GHz), the pulse width of 3 μs and repetition rate of 200 kHz. After boosted by LNA and filtered by a band-pass filter, it transmits through the antenna and illuminates the targets. After received by another antenna, the echo is boosted, filtered and sampled by our photonic ADC.
We firstly test the range resolution of the system, two static targets are set in 2.4 meters away from the antennas. The range resolution of 4.9 cm is obtained as shown in Fig. 6(b) , which is close to the theoretical resolution of 3.8 cm. The discrepancy between the practical and theoretical resolution is mainly attributed to the non-flat amplitude-frequency characteristics and the dispersion of the photonic sampled echoes caused by the optical and electric devices. Then radar imaging experiment is performed. Four balls with a diameter of 8 cm rotate around the center with the rotation radius of 24 cm and angular velocity of 3 r/s are located at 3.5 m away from the antenna. A 5 GSa/s real time oscillator (Rohde-Schwarz-RTO 1022) characterized with storage depth of 50 M for each channel is used. 2000 pulses within 10 ms are accumulated for range-Doppler imaging and the range migration effect is compensated. The theoretical cross-range resolution is 7.9 cm. The original resultant 2D radar ISAR image with resolution of 4.9 cm × 7.9 cm is shown in Fig. 6 (c) and (d). As can be seen, due to the opposite chirping components caused by the channel mismatch, there exists a false target located at 458 m. In order to distinguish whether it is a false target, we apply the adaptive band-pass filter to the echoes in the matched fractional Fourier domain. The ISAR imaging results after filtering are shown in Fig. 6 (e) and (f). As can be seen, the false target due to the channel mismatch is distinguished.
